[1] Within the context of the Envisat satellite validation, the Spectromètre InfraRouge par Absorption de Lasers Embarqués (SPIRALE), balloon-borne infrared spectrometer was flown in the Arctic stratosphere (Kiruna, Sweden; 67.6°N, 21.6°E) in January 2006. In situ vertical profiles of O 3 , N 2 O, HNO 3 , and HCl were obtained between 13 and 27.3 km. The Stratospheric and Tropospheric Aerosols Counter (STAC) was mounted on board, allowing in situ characterization of the vertical particle distribution at six values of radius between 0.2 and 1.0 mm. Complex structures were observed in both HNO 3 and HCl vertical profiles with very low values in the 20.5-22 km layer and simultaneously thin layers of clouds were observed below the HNO 3 depleted layer. We used correlations of N 2 O:HNO 3 and O 3 :HNO 3 to characterize these layers and a model approach to investigate the processes involved. It appears that denitrification and renitrification processes have been captured that were linked to the formation of a polar stratospheric cloud. Several tests using different nitric acid trihydrate (NAT) nucleation rates in the model were performed to obtain the best agreement between microphysical and chemical results and measurements. Best results were obtained with a nucleation rate independent of temperature. 
Introduction
[2] Numerous campaigns have been conducted to study polar stratospheric clouds (PSCs) and chemistry in the polar stratosphere. PSCs are indeed involved in stratospheric ozone depletion during polar winters [Solomon, 1999] . PSC particles provide enhanced surfaces where heterogeneous reactions can occur, leading to the activation of chlorine species efficient for ozone depletion. During the PSC formation, particles grow by HNO 3 and H 2 O uptake from the gas phase. Sedimentation of the largest particles to lower altitudes can lead to a permanent removal of HNO 3 , called denitrification. As nitrogen oxides can inhibit catalytic cycles of ozone destruction in the lower stratosphere by scavenging chlorine oxide, their conversion into HNO 3 and the subsequent removal of HNO 3 prolongs the ozone depletion during spring. Our knowledge of PSCs has been improved significantly over the last two decades from combined observations by remote or in situ instruments on balloons or aircraft and from satellite data such as the THESEO 2000 campaign [Newman et al., 2002] . However, questions remain about the processes leading to PSC formation, especially in the Arctic stratosphere where temperatures are usually higher than in the Antarctic.
[3] Some instruments have been developed to specifically study the condensed and frozen phases, that is, the microphysical properties of PSCs and their composition. An effort has been made to combine several instruments to undertake extensive studies of cloud particles. Nitric acid trihydrate (NAT) was proposed to be the stable solid phase of PSCs at temperatures above the threshold for ice crystal formation; this hypothesis was proven by the first in situ observation during a balloon campaign at Kiruna, Sweden on 25 January 2000 [Voigt et al., 2000] . Such observations were possible due to the combination of particle counters and a mass spectrometer. Since then several studies on particle microphysics have been made using mass spectrometers, optical particles counters and backscatter sondes mounted on the same balloon gondola [Deshler et al., 2003; Larsen et al., 2004] or the same aircraft [Fahey et al., 2001] . However, the only observation of the gas phase during these campaigns was the water vapor mixing ratio measured simultaneously by a hygrometer.
[4] Efforts have also been made to perform simultaneous measurements of particles and of gas molecules. Observa-1 tions from aircraft allow studies of PSCs due to the high number of instruments that can be used simultaneously. Aerosol samplers and NO y chemiluminescence detectors were used during the 1999-2000 winter on board an ER-2 aircraft to measure both NO y gas phase and aerosols. These observations provided insight into the vertical repartition and the characteristics of PSC particles. More recently, a broad set of instruments, including a chemiluminescence detector similar to that used by Northway et al. [2002] , an aerosol backscatter detector, and measurements of N 2 O, ClO, ClOOCl, and ClONO 2 , were mounted onboard the M55 Geophysica aircraft in February 2003 to study simultaneously PSCs and heterogeneous reactions [Lowe et al., 2006] . In contrast, the number of instruments that can be carried by a stratospheric balloon is limited; however, balloons and aircraft do not provide the same information. Aircraft observations are limited to quite low altitudes (<20 km), whereas balloons can provide vertical profiles up to 30 km and above, although for a shorter period.
[5] This work focuses on the effect of chemistry on PSCs using in situ measurements made during a polar campaign above Kiruna in January 2006 and modeling using the Microphysical and Photochemical Lagrangian Stratospheric Model of Ozone (MiPLaSMO) model [Rivière et al., 2000; Rivière et al., 2003] . Two in situ instruments were operated simultaneously on the same balloon gondola: the Spectromètre InfraRouge par Absorption de Lasers Embarqués (SPIRALE), an infrared tunable diode laser spectrometer dedicated to the measurement of trace gas species, and a Stratospheric and Tropospheric Aerosols Counter (STAC), an optical aerosol counter. The first part of this paper is dedicated to the description of the instruments. The second part presents the detailed analysis of HNO 3 and HCl profiles and aerosol measurements obtained simultaneously. We characterize also the vertical structure of the chemical compounds observed using N 2 O:HNO 3 and O 3 :HNO 3 correlations. Then, an interpretation of the measurements in terms of atmospheric processes is provided using a model approach. In this part, the goal is twofold: 1. To investigate the temperature history of the air parcels and the microphysical processes occurring before the measurements, and 2. to test different parameterizations of NAT nucleation rates and heterogeneous reactions that are already under discussion by the scientific community MacKenzie, 2008 and Drdla et al., 2003 ].
Instruments
[6] Measurements were performed on 20 January 2006 above Kiruna (67.9°N, 21.1°E). The launch was made as part of an Envisat validation campaign at high latitude and during the night, from 1746 UT to 1947 UT. Simultaneous profiles of O 3 , N 2 O, HNO 3 , and HCl mixing ratios from the SPIRALE instrument and aerosol number distribution from the STAC instrument were obtained during the balloon's ascent from 13.7 to 27.3 km height. During the descent only the STAC instrument was operating.
The SPIRALE Instrument
[7] The SPIRALE instrument is an infrared spectrometer dedicated to in situ measurements of several short-and long-lived species. It has been used previously in seven successful campaigns in the tropic, middle, and polar latitudes. SPIRALE measurements enabled us to investigate the dynamical structure [Huret et al., 2006; Engel et al., 2006; Müller et al., 2007] and detailed chemistry [Berthet et al., 2006; Berthet et al., 2007; Mébarki et al., 2010] of the stratosphere. This instrument was also used for validation of chemical species measured by the Odin, Envisat, ACE-SCISAT, and Aura satellites [see e.g., Urban et al., 2005; Renard et al., 2008; Wang et al., 2007; Wolff et al., 2008] .
[8] A detailed description of the SPIRALE instrument and its mode of operation can be found in Moreau et al. [2005] . Briefly, it uses six tunable laser diodes in the mid-infrared (3-8 mm) as light sources. The spectral resolution is very high (0.0005-0.0010 cm −1 ), allowing the detection of individual ro-vibrational lines of the species. The laser beams are injected into an open air multipass Herriott cell located between two mirrors positioned at the extremities of a telescopic mast ∼3.5 m long. This mast is deployed under the gondola during the flight. Species concentrations are retrieved from direct absorption measurements, by fitting experimental spectra with spectra calculated using the HITRAN 2004 database [Rothman et al., 2005] . The high frequency sampling (∼1 Hz) enables measurements with a very high vertical resolution, i.e., a few meters.
[9] A 430.78 m optical path was used for the flight, with 126 reflections in the cell. In this study, we focus on species relevant to PSC investigations: Hydrogen chloride, HCl, which along with ClONO 2 is the major inorganic chlorine reservoir species in the stratosphere, and nitric acid, HNO 3 . These two species interact directly with PSC particles. The vertical profile of HCl has been deduced from the absorption line at 2925.8967 cm −1 and HNO 3 from a spectral microwindow that includes numerous absorption lines between 1701.5 and 1701.8 cm −1 . In addition, the specific lines at 2086.0191 and 2086.4294 cm −1 have been used for O 3 measurements and that at 1275.4929 cm −1 for N 2 O.
[10] Measurements of pressure (by two calibrated and temperature-regulated capacitance manometers) and temperature T (by two probes made of resistive platinum wire) on board the gondola allow conversion of the species concentrations into volume mixing ratios (VMR). Uncertainties in these parameters are negligible (<1%) relative to the other uncertainties [Moreau et al., 2005] . The global uncertainties in the VMR take into account random and systematic errors. The two important sources of random error are the fluctuations of the laser background emission signal and the signal-to-noise ratio. Systematic errors originate essentially from the laser line width (an intrinsic characteristic of the diode laser) and the non-linearity of the detector (only for HNO 3 ). The uncertainties in spectroscopic parameters (essentially the molecular line strength and pressure broadening coefficients) associated with the mixing ratios retrievals are almost negligible. Adding quadratically the random errors and the systematic errors results in total uncertainties for HCl of 20% at an altitude of 13 km, continuously decreasing to 13% at 23 km and 7% at 27 km; for HNO 3 of 20% above 17 km (increasing up to 25% below 17 km); for O 3 of 6% above 18 km and 8% below 18 km [Cortesi et al., 2007] ; and for N 2 O of 3% (below 26 km) [Strong et al., 2008] .
The STAC Instrument
[11] The STAC is an optical counter giving particle number densities and size distributions. It can be mounted onboard various gondolas under stratospheric balloons [Ovarlez and Ovarlez, 1995] . It operates under the lowpressure conditions encountered in the middle stratosphere and can detect low particle concentrations, down to about 10 −4 particles cm −3 mm −1 [Renard et al., 2005] . The particles are drawn through a light beam emitted by a laser diode at 780 nm, and scattered light is received by a photodetector at a scattering angle of 70°. The number concentrations are calculated from the count rate of the photoelectric pulses received. The sampling rate is 1 Hz. Particle radii are determined from the pulse height and are sorted into six bin sizes; assuming liquid particles composed of a common mixture of 75% H 2 SO 4 and 25% H 2 O with a refractive index of 1.45 [Bemer et al., 1990; Russell et al., 1996] . The STAC instrument was implemented onboard the SPIRALE payload. The counting uncertainty is 60% for aerosol concentrations >10 −3 cm −3 mm −1 , 20% at 10 −2 cm −3 mm −1 , and better than 6% for concentrations >0.1 cm −3 mm −1 . The instrument cannot provide an accurate retrieval of the size distribution of solid particles having a different refractive index, including a non-zero value for the imaginary part of the index of some solid particles [Renard et al., 2005] . Nevertheless, it can be used to detect qualitatively the presence of such particles, which can be less luminous than liquid droplets, provided enough light is scattered. Solid particles in clouds can be detected because they are generally larger and overall because they produce a deviation from the expected lognormal shape of liquid background aerosols [Deshler et al., 2003] .
Measurements
[12] This section presents the dynamical conditions of the measurements, the analysis of the measured HCl, HNO 3 vertical profiles, and the aerosol number distributions. Using the N 2 O:HNO 3 and O 3 :HNO 3 correlation points, specific layers observed are characterized in terms of denitrification and renitrification processes.
Dynamical Conditions
[13] The 2005-2006 polar winter was characterized by a relatively early and strong vortex but with a major warming starting on 21 January with a shift of the vortex toward southern latitudes, through Scandinavia to Europe [WMO, 2007] . At the time of the measurements, the balloon was launched inside the polar vortex [Wolff et al., 2008; , Berthet et al.2007] . Figure 1 shows potential vorticity (PV) maps calculated by the Modélisation Isentrope du transport Mésoéchelle de l'Ozone Stratosphérique par Advection (MIMOSA) contour advection model [Hauchecorne et al., 2002] , based on European Centre for Medium-Range Weather Forecasts (ECMWF) meteorological data. The 416 K, 450 K, and 566 K potential temperature surfaces in the Northern Hemisphere correspond roughly to altitudes of 17, 18.5, and 23 km. At altitudes sampled by the instruments, PV fields show a well-established polar vortex centered above Northern Scandinavia.
Vertical Profile of HCl
[14] The SPIRALE HCl vertical profile exhibits very specific features (Figure 2 ). The dashed curve shows a mean HCl profile measured by the Atmospheric Chemistry Experiment-Fourier Transform Spectrometer (ACE-FTS) instrument for northern high latitudes [60°N-82°N, Nassar et al., 2006] , which can be taken as the typical state for unperturbed polar conditions. In comparison with this unperturbed profile, our HCl profile shows a strong depletion in the stratosphere at all altitudes between 24 and 17 km. This suggests clearly an activation of chlorine below 24 km due to the formation of PSC particles some time prior to the measurements. A strong gradient in the HCl mixing ratio is observed from 24 km to 22.8 km. From 21 km to 17 km the HCl mixing ratio is close to 0.7 parts per billion by volume (ppbv). The HCl variability in this layer (∼15%) is close to the measurement uncertainties (see section 2.1). HCl is destroyed heterogeneously on PSC particles. Two competitive reactions and
reform the reservoir chlorine species after the onset of deactivation processes, followed by
[15] In the Northern polar stratosphere, ClONO 2 mostly reforms first [Douglass et al., 1995; Wilmouth et al., 2006; Santee et al., 2008] . This strongly depends on the geophysical conditions, which show substantial variability from one winter to another in the Arctic stratosphere. The chlorine reservoir recovery generally occurs in February or March [Solomon, 1999] . However, the sudden and prolonged major warming starting from mid-January 2006 [Manney et al., 2008] resulted in a different situation compared to most other winters, especially in the lower and middle stratosphere. Chlorine activation and chlorine reservoir decay started as early as December 2005, but HCl and ClONO 2 began to reform by the end of January 2006, as can be seen from ACE-FTS and Microwave Limb Sounder (MLS) measurements [Santee et al., 2008] . An analysis of their results reveals that at the time of the SPIRALE measurements the onset of HCl recovery had already occurred.
Vertical Profile of HNO 3
[16] The vertical HNO 3 profile is shown in Figure 3 . The principal features of this profile are two local minima observed in the layers at 20.5-22.5 and 17.5-18.2 km. The HNO 3 vertical gradients observed above and below these minima are very strong. The HNO 3 mixing ratio is maximum at 23 km (12 ppbv) and strongly decreases down to 7 ppbv at 22.5 km. It is also important to note the two HNO 3 peaks at 20 km (10.5 ppbv) and 17 km (7.3 ppbv).
[17] When the temperature in the polar stratosphere is low enough for the formation of PSC, nitric acid is removed from the gas phase. Consequently, the depleted layer (20.5-22.5 km) is likely to be associated with a PSC formation event. Profiles showing a similar trend have already been observed during balloon campaigns, for example, by the Jet Propulsion Laboratory (JPL) MkIV interferometer [Davies et al., 2006] . HNO 3 measurements are generally consistent with HCl observations in the same layer. However, in our case significant differences exist between the two SPIRALE profiles. The top of the depleted layer is characterized by a strong gradient, but not at the same altitude for both molecules. The minimum value of the HCl mixing ratio (0.5 ppbv) is observed at 23 km, exactly at the altitude of the HNO 3 maximum value. A small increase in HCl mixing ratio is observed between 21.3 and 22.4 km, where the HNO 3 mixing ratio is minimum. Finally, the local decrease in HNO 3 between 17.1 and 18.2 km does not correspond to a specific feature in the HCl profile.
N 2 O:HNO 3 and O 3 :HNO 3 Correlations
[18] Correlations between NO y and long-lived tracers such as N 2 O are often used to investigate denitrification [Manney et al., 1999; Kleinböhl et al., 2005; Schoeberl et al., 2006] and renitrification [Bregman et al., 1995; Dibb et al., 2006] processes in the polar stratosphere. HNO 3 is the main component of NO y in the polar vortex and the N 2 O:HNO 3 correlation can thus be used to study these [19] Additional information can also be deduced from O 3 : NO y correlation points. Typically, a linear trend is expected at high latitude [Michelsen et al., 1998 ] but not in the cold polar vortex as NO y species are then strongly depleted. A positive linear correlation also exists between HNO 3 and O 3 at high latitudes and deviation from this correlation enabled Dibb et al. [2006] to identify renitrification cases in the 9-13 km range. The O 3 :HNO 3 correlation points obtained from the SPIRALE measurements are shown in Figure 4b . A reasonably linear trend is observed up to almost 20.5 km (including most of the light blue part on the curve). The linear correlation deduced from our measurements is given by
This slope is also consistent with one which can be calculated from the Dibb et al. [2006] study.
[20] We can characterize the denitrification and renitrification layer by the deviation of the correlation points from this linear fit. For O 3 values close to 2000 and 3500 ppbv, excesses of HNO 3 can be seen. These O 3 values correspond to altitudes close to 17 km (Figure 4b , yellow points) and 20 km (light blue points), respectively. This HNO 3 excess may be explained by considering the evaporation of PSC particles after their sedimentation from upper levels; i.e. the renitrification layers. Each renitrification layer is associated with a denitrification layer just above 20.5-22.5 km (dark blue points) and 17.5-18.5 km (green points).
[21] Note that these features can be considered real despite the large error on the HNO 3 VMR (Figure 3 ), which is due mostly to systematic errors and thus is constant over the whole profile. Thus, the variability of the profile is real.
Observations of Aerosols
[22] The STAC was operated during both ascent and descent. The balloon's vertical velocity during descent was very high due to operational constraints. As a consequence, the vertical resolution obtained for the STAC measurements was 5 m during the ascent and 25-35 m during the descent. Figure 5 shows the number density distribution of particles recorded by the STAC as a function of their assumed mean radius in each bin. We select two typical distributions corresponding to background aerosols having a mono-modal distribution with a large number of small size particles with radius <0.5 mm. They have been captured at 17 km and 24 km (solid curves with open circles and open squares, respectively).
[23] During the balloon's ascent, a signal was recorded for all bin sizes in a very thin (50 m) layer ( Figure 5 , solid shaded curve with solid squares) at 20 km. This thin layer is associated with a bimodal size distribution shape very different to the distribution shapes observed at the levels below and above. During the descent, several thin layers of particles also exhibiting such bimodal distributions were crossed from 22.5 to 18.5 km (dashed shaded curves). Notwithstanding that these descent observations were made two hours after the ascent records and separated by roughly 50 km, this result provides strong corroboration of the ascent measurements and could be interpreted as the geographically-varying presence of thin PSCs with thicknesses of a few hundred meters. The presence of solid particles has been previously observed by Deshler et al. [2003] , with an aerosol counter showing a bimodal lognormal distribution comparable to our measurements, and by Rivière et al. [2000] . Because of this second and larger mode, centered on a mean radius of 0.55 mm, solid particles have probably been captured in these layers. The error bars on the x axis indicate the width of each size bin. Note that it is not possible to show on this plot the largest particles (radius > 1mm) because the number size distribution cannot be calculated without an upper limit on the size interval.
[24] One limitation of the STAC instrument is that it is not possible to quantify the size of particles with radii >1 mm. Note however that larger particles can in fact be detected. But as such particles would be simply classified as having a radius larger than 1 mm, it is not possible to confirm the presence of large particles of a specific size (e.g., radii between 10 and 20 mm), such as those observed with aircraft in the Arctic stratosphere in January 2000 [Fahey et al., 2001] and recorded several times since Larsen et al., 2004] .
[25] Particles with a radius larger than 1mm were indeed detected (but are not shown in Figure 5 ). This is a further indication that there were probably solid particles present. The size distribution recorded by STAC suggests that the second mode of particles was centered on radii between 0.5 and 1 mm; keeping in mind that it is difficult to accurately infer absolute sizes for non-spherical particles using this kind of instrument [e.g., Renard et al., 2005] .
Measurement Analysis
[26] The vertical structure observed in both chemical and microphysical measurements is complex. In summary, the HNO 3 profile is characterized by denitrified layers (17.5-18.5 km and 20.5-22.5 km) and a renitrified layer (18.5-20.5 km) identified using correlations points (Figure 4 ). In the same altitude range, the HCl profile shows a weakly varying mixing ratio with low mixing ratio values probably corresponding to chlorine activation at the time of the measurements (Figure 2 .). A PSC was crossed at 20 km during the ascent, whereas the descent measurements show the PSC layer having a larger extent between 22.5 and 18.5 km.
[27] The thin PSC layer at 20 km does not coincide with the altitude of the denitrified layers but does with an excess of nitric acid. This observation leads us to make the following assumption: Close to 22.5 km the formation of solid particles may have locally depleted the HNO 3 gas phase, as in the case studied by , then sedimentation occurred and a PSC was observed at 20 km. If solid particles were formed at 22.5 km and grew large enough, they would sediment, leading to the denitrification of the 20.5-22.5 km layer. At the time of measurement, the particles still present at 20 km would be evaporating and cause an excess of HNO 3 instead of a depletion.
[28] The occurrence of sedimentation processes requires particles large enough to cause irreversible denitrification. Particles with a radius larger than 10 mm will sediment more than 1 km d -1 , whereas 1 mm particles will sediment only 0.1 km d -1 . Moreover, large particles can exist for longer than one day when the temperatures increase, whereas small particles evaporate after a few hours. Our measurements show the existence of particles with radii >1 mm, but provide no information on the presence or absence of particles larger than 10 mm, the so-called NAT rocks. 
Model Interpretation
[30] In this section, we first investigate the existence of the PSC layer observed at the time of measurements using backward trajectories and measured temperature profiles. Then we use a model in order to understand the chemical and microphysical mechanisms that occurred before the measurements.
Trajectory Calculations
[31] Ensembles of backward trajectories associated with the locations of the measurements obtained during the ascent and the descent of the SPIRALE instrument have been calculated using two models. First the Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT; available at http://www.arl.noaa.gov/ready/hysplit4.html) model [Draxler and Rolph, 2003 ] was used with NCEP GDAS (National Centers for Environment Prediction, Global Data Assimilation System) analysis. Then isentropic trajectories were calculated using operational data from the European Centre for Medium-range Weather Forecasts (ECMWF) and the Knudsen et al. [2001] code. In Figure 6 we have selected three typical 6 day backward trajectories and the associated time evolution of temperature. They correspond to the levels above, inside, and below the PSC layer (556 K, i.e., 22.5 km; 481 K, i.e., 20 km; and 437 K, i.e., 18 km). The air parcels sampled during the instrument's ascent and descent have very similar origin and temperature histories. The air parcel locations are similar and in good agreement in both models.
[32] In all altitude ranges, air parcels were located inside the vortex (see section 3.1), but the trajectories show two different origins above and below 22.5 km. The air parcels arriving at and above (not shown) 22.5 km come from Greenland and stay a long time (nearly 3 days) above the Scandinavian coast whereas the air parcels between 13 and 22 km come from Siberia. It is interesting to note that differences in the air parcel origins as a function of altitude correspond exactly with the upper limit of the denitrified layer, as was checked with trajectories arriving above and below this altitude (not shown). A few days before the balloon launch, the polar vortex consisted of two joined lobes, one lobe located above Greenland and the other above Siberia.
[33] Examining the time evolution of the temperatures along the trajectories (Figure 6b ) it appears that, whichever model is used, temperatures lower than 200 K were encountered by the air parcels during at least 2 days before the measurements, and for the upper trajectory the temperature remained below 200 K for more than 4 days. Temperatures obtained from the Knudsen et al. [2001] code with the ECMWF operational data are lower (roughly between −3 K and −4 K) than those calculated using the HYSPLIT code with the NCEP GDAS data.
[34] In addition, in Figure 7 we compare the temperature measured in situ by the SPIRALE payload and the temperature from the ECMWF analyses and NCEP GDAS data at the measurement points (end of the trajectories). From the ECMWF and NCEP GDAS analyses, it appears that the temperatures predicted are greater (+2.3 K and +4.9 K, respectively) than the in situ observations in the 20.5-22 km altitude range in the layer of interest. Disagreements in temperature between the operational ECMWF data and observations have been identified in some regions of the world: A maximum bias of 3.5 K was for example found by Gobiet et al. [2005] in the Antarctic vortex, and a cold bias in the tropical tropopause region was found by Gobiet et al. [2005] and Knudsen et al. [2006] .
[35] Note that the meteorological conditions above Kiruna were not favorable to the propagation of mountain waves up to the stratosphere, as occurred in previous studies [Rivière et al., 2000; Brogniez et al., 2003] , because the trajectories present a very small angle with respect to the orientation of the Scandinavian mountain range. Moreover, the wind direction was very variable from the ground to the stratosphere. Both circumstances prevent strong mountain wave activity [Dörnbrack and Leutbecher, 2001] . As a result, at the time of the measurements, temperatures obtained using operational ECMWF analyses are in better agreement with in situ measurements than temperatures from NCEP GDAS data, even if they are too high, by more than 2 K at some altitudes. The formation of the observed PSC is probably linked to synoptic temperature variations on a larger scale.
PSC Existence on January 20 2006
[36] The presence of a PSC should correspond to low temperatures in the polar stratosphere. The temperature measurements obtained in situ by the SPIRALE payload show that the coldest layer was encountered between 18.5 and 21 km, with a minimum value of 195 K. To investigate the PSC existence we have calculated the NAT equilibrium temperature with respect to water vapor and nitric acid content in gaseous phase using the SPIRALE HNO 3 measurements and the H 2 O volume mixing ratio from the REPROBUS chemical transport model (CTM) [Lefèvre et al., 1998 ]. Considering uncertainties of 20% in the SPIRALE HNO 3 volume mixing ratio and 20% in the REPROBUS H 2 O mixing ratio [Montoux et al., 2009] , the NAT equilibrium temperature, T NAT , is presented in Figure 7 . In the layer where the PSC was detected by the STAC instrument, the temperature measured by SPIRALE is close to the NAT equilibrium temperature. These results were used previously in the study by Wolff et al. [2008] for the validation of HNO 3 measurements obtained with ACE-FTS satellite instrument.
Model Description
[37] The MiPLaSMO model has been used to investigate the PSC formation and its impact on chemistry through the sedimentation process. MiPLaSMO is a Lagrangian model with both microphysics calculations and a detailed chemistry scheme with 123 reactions and 10 heterogeneous reactions depending on the type of particles. This model is described in more detail by Rivière et al. [2000] .
Aerosols and Chemical Species Initialization
[38] Microphysical models commonly use a lognormal distribution of background aerosols with a number density of 10 cm −3 [Deshler et al., 2003] . Tabazadeh et al. [2001] used an initial number density of 15 cm −3 . There are very few observations and model predictions of background aerosol concentrations in the atmosphere for volcanically quiescent periods [SPARC, 2006] and the actual distribution is difficult to infer because few observations of very small aerosols are currently available. In this study we use a number density of 10 cm −3 , a mean radius of 0.087 mm and a distribution width of 1.5. This initial aerosol distribution is consistent with previous studies [Deshler et al., 2003; Tabazadeh et al., 2001] and in agreement with STAC observations of background particles shown on Figure 5 .
[39] The initial mixing ratios of the 42 species considered in MiPLaSMO are taken from the REPROBUS three dimension (3D) CTM [Lefèvre et al., 1998 ]. It should be noted, however, that previous studies have shown that REPROBUS, and other CTMs, strongly underestimate HCl and HNO 3 under conditions of denitrification and chlorine activation [e.g., Ricaud et al., 2005; Santee et al., 2008] . Therefore, we have produced monotonic initial profiles for both species by removing the denitrified, renitrified, and HCl depleted layers from the SPIRALE measured profiles and linearly interpolating across the ensuing gaps (Figures 8a  and 8b) . The shape and range of magnitude of the HNO 3 VMR profile obtained is consistent with the tracer-tracer correlations from the gas phase (Figure 4 ), which suggests no removal of HNO 3 above 23 km, a denitrified layer between 20.5 and 22.5 km and a renitrified layer below 20.5 km. When no activation occurs, the HCl mixing ratio increases with altitude in the range of the SPIRALE measurements [e.g., Nassar et al., 2006] (Figures 4 and 9c ). An HCl profile from the ACE-FTS at about the same date and in the closest area [Mahieu et al., 2008] is also shown in Figure 8b , indicating weaker chlorine activation than the SPIRALE profile. An intermediate line (black curve in Figure 8b ) between the inactivated profile and our measured profile was thus chosen as the initial profile, consistent with the mean ACE-FTS profile from the study of Nassar et al. [2006] . This initialization may be very approximate but more precise information is difficult to infer. Note that the choice of these initial profiles is not simple, but is consistent with satellite data and with SPIRALE measurements in layers not affected by the PSC event.
Solid Particles Formation
[40] Formation of NAT particles at a temperature above the ice temperature, as discussed by Rivière et al. [2003] , can occur at low enough temperatures to form as first stage supercooled ternary solution (STS) particles (typically 3 K below the temperature T NAT ) which are then homogeneously nucleated to form NAT particles. Nitric acid dihydrate (NAD) particles could be taken into account but they are very quickly converted into NAT particles in the stratosphere [Larsen et al., 2004] . The nucleation of NAT particles in the temperature range [T NAT ; T ice ] is not yet well understood. Both heterogeneous [Lowe and MacKenzie, 2008; Drdla et al., 2003 ] and homogeneous mechanisms [Tabazadeh et al., 2001 ] have been proposed. Laboratory studies have been carried out to evaluate the homogeneous freezing rate (hereafter J) of both NAT and NAD from droplets of binary H 2 O/HNO 3 or ternary H 2 O/H 2 SO 4 /HNO 3 solutions [Bertram and Sloan, 1998; Salcedo et al., 2001] . Another open question is whether the nucleation process is initiated within droplets or if it is a surface-based process as proposed by Tabazadeh et al. [2002] . This last assumption leads to much higher nucleation rates but may lead to overestimation as shown by Knopf et al. [2002] . To successfully explain MIPAS-B instrument measurements, the J value was reduced by a factor of 20 in [Larsen et al. 2004] . New laboratory studies were carried out by on NAD formation between 192 K and 197 K, reproducing as much as possible stratospheric conditions, to find answers to the ongoing debate. They proposed a new parameterization of the activation energy [Mölher et al., 2006] , leading to much weaker J than the Tabazadeh et al. [2002] study.
[41] No definitive conclusion has yet been reached. Model studies often use simple nucleation schemes without temperature dependence Drdla et al., 2003, and Grooß et al., 2005] . An extensive study of the 1999-2000 winter based on measurements made during the SAGE III Ozone Loss and Validation Experiment (SOLVE) campaign by aircraft instruments (both microphysics and chemistry) was made by Drdla et al. [2003] and Drdla and Browell [2004] with a complete comparison of the different parameterizations of nucleation rates. The simplest model, ignoring the temperature dependence of nucleation rates, gave the best agreement with observations. None of the more detailed parameterizations were able to reproduce the observations [Drdla and Browell, 2004] .
[42] In this study we have performed sensitivity tests on the nucleation rates with volume-based parameterization based on the Salcedo et al. [2001] study, the surface-based parameterization of Tabazadeh et al. [2002] , the Möhler et al. [2006] parameterization, and on constant J values between 10 3 and 10 9 cm −3 s −1 in order to predict both microphysical and chemical in situ observations.
Sedimentation
[43] Sedimentation of PSC particles was included in the model. We made the calculations with a vertical step of 500 m on trajectories ending at measurement points. The spatial and temporal coincidence between air parcels was checked and, in the case of coincidence, the particles can sediment to the lower level. The air parcels traversed by the balloon above Kiruna have very distinct origins. Above 22.5 km they come from Greenland and are in coincidence with the lower air parcels during only the last ten hours of the trajectories (see Figure 6a ). The layer above 22.5 km shows no HNO 3 depletion. It is thus very unlikely that particles formed in these air parcels. This is why calculations were started at the 22.5 km level.
Heterogeneous Chemistry
[44] The chemical code includes a detailed set of heterogeneous reactions relevant for chlorine activation. HCl depletion in the gas phase is specifically linked to the heterogeneous reactions of HCl with ClONO 2 and HOCl. Uptake coefficients for these reactions are calculated from the 2006 JPL data evaluation [Sander et al., 2006] . The model of Shi et al. [2001] was used to calculate uptake coefficients on the surface of sulphate aerosols (the code is available at http://www.aerodyne.com/cacc/ClNO3-Kinetics.pdf).
[45] One of the remaining questions about heterogeneous chemistry in the polar stratosphere is linked to the loss of chemical species on STS particle surfaces. Laboratory measurements were carried out on mixtures of H 2 SO 4 and H 2 O particles. The presence of HNO 3 in PSC droplets could decrease reaction rates upon these surfaces; thus, models are thought to overestimate HCl destruction upon STS [Drdla and Browell, 2004; Lowe and MacKenzie, 2008] . 
Results
[46] The temperature measured in situ by the SPIRALE instrument is lower at all levels than the temperature predicted by either trajectory model (more than 2 K at 20-21 km, see section 4.1). In our study, temperatures below T NAT are never reached along the trajectories with either model (HYSPLIT or Knudsen code). NAD and NAT nucleation rates become efficient when the temperature is 3 K-4 K below T NAT . The temperature is really a sensitive parameter setting a threshold to initiate PSC formation. To perform the simulations we choose the trajectories calculated using ECMWF analyses where temperatures are the lowest and apply negative temperature shifts along the trajectories. We have tested different shifts on the temperature evolution along the trajectories every −0.05 K to a minimum value of −8 K (corresponding to a temperature below T ice ). Such large temperature shifts were used only as a sensitivity test. We then analyzed results obtained in terms of microphysical and chemical parameters: PSC altitude range, particle concentration, particle mean radius, and HNO 3 and HCl volume mixing ratio profiles. These systematic tests on temperature shifts along the trajectories have been performed for each NAT nucleation rate considered. The same type of temperature shift along trajectories has been used previously by Santee et al. [2002] to interpret and fit satellite data from Polar Ozone and Aerosol Measurement (POAM) and MLS instruments. Note that this shift depends on the altitude considered: The constraint is to nucleate solid particles and initiate their sedimentation.
Parameterization Tests
[47] Table 1 and Figure 8 summarize the main characteristics of the best results obtained using each parameterization in terms of temperature shift, microphysical, and chemical results.
[48] Concerning microphysical results, using Salcedo et al. [2001] and Tabazadeh et al. [2002] nucleation rates, it is necessary to apply temperature shifts as large as −7 K and −6.5 K on trajectories (from the ECMWF analysis) between 22 km to 20.5 km to nucleate NAT. This shift implies of course that the assumed temperature profile is lower not only than the ECMWF temperatures, but also lower than the observed one. The assumed profiles are shown in Figure 8c . The results for the parameterization of Salcedo et al. [2001] are similar with slightly lower temperature and therefore not shown. This profile is not in agreement with in situ temperature measurements by the payload. With our simulation, large particles (between 5 and 10 mm) are formed at 22 km and partially sedimented. For the time of the measurements a small concentration of NAT particles, less than that detected by the STAC aerosol counter, is predicted throughout the entire layer from 20 km to 22 km. In the PSC layer, the mean radius predicted is too large (5-10 mm) whereas STAC observations indicate particles with 0.5-1 mm radii. The Mölher et al. [2006] nucleation rate parameterization does even worse: No PSC particles are formed above T ice . Our simulation results are in agreement with these authors' conclusion; their experimental results do not show nucleation rates necessary to fit observations in the polar stratosphere.
[49] The best simulations in terms of microphysical results are clearly obtained with the simplest parameterization, namely with a constant nucleation rates J of 10 5 and 10 7 cm −3 s −1 . The nucleation of particles was induced with a maximum temperature shift of −3.5 K and −3.8 K, respectively. It is worth noting that compared with the in situ measurements the temperature difference is not more than 2 K. Different J values (see Table 1 ) appear to simulate correctly the presence of a thin PSC at 20.5 km and its concentration. The values J = 10 5 and 10 7 cm −3 s −1 give quite similar results, with the only difference being the rate of growth. The best results are obtained using a NAT nucleation rate of 10 7 cm −3 s −1 , for which the predicted mean radius of particles better matches the STAC measurements. The simulation for this case is also shown in Figure 8 .
[50] For chemical results associated with the simulated PSC it appears that if NAT particles are formed, HNO 3 is depleted from the gas phase in the layer 21-22.5 km. The renitrified layer highlighted by tracer-tracer correlations is reproduced only using a constant nucleation rate, although the simulated HNO 3 mixing ratio is larger than the measured one (Figure 8a ). Using the Tabazadeh et al. [2002] J rate, the HNO 3 mixing ratio below 21.5 km does not differ from the initialization.
[51] Whichever nucleation parameterization is used, the HCl loss is simulated over the entire layer from 22 to 18 km (Figure 8b. ). HCl is largely depleted above 19.5 km compared with the initial profile considered, but the intensity of the depletion is not reproduced at each level. The HCl depletion is more severe in the observations. However as the campaign was made at the end of January, and even if the 2005-2006 winter was not very cold, a previous activation of chlorine is highly probable. Thus our modeled initial HCl profile could be too high in some layers. Structures observed by the SPIRALE instrument are too thin (200m) to be simulated due to the vertical resolution used (500m) in the model.
Detailed Analysis Along Trajectories
[52] To characterize in detail the best simulations obtained in terms of temperature, microphysical, and chemical results, we present in Figure 9 the time evolution of the temperature, the NAT particles surface area along the trajectory, as well as the HNO 3 and HCl abundances at 22 km (inside the denitrified layer) and at 20 km (PSC layer). The equilibrium temperature of NAT with nitric acid and water vapor (dash dotted) is also presented in Figure 9a . Note that this figure does not show the temperature evolution of the ECMWF temperature directly, but shows the T ECMWF shift (i.e., T = T ECMWF + DT; see Table 1 ), which is −3.6 K at 20 km. It shows the temperature taken as input by the model MIPLASMO for this run. Thus, the temperature has the same behavior as that shown in Figure 6 , but is lower.
[53] Along the trajectory at 22 km, the threshold for NAT nucleation is first encountered 108 h before the measurements and NAT particle nucleation appears when the temperature reaches 192 K. Then 100 h before the measurements the temperature starts to increase. The number density and the NAT particle surface area decrease slowly. NAT particle nucleation occurring 108 h before the measurements leads to a strong decrease in the HNO 3 mixing ratio (11 ppbv to 4.25 ppbv). At 20 h before the measurements, the temperature increases strongly and all particles evaporate completely. The effect of particle sedimentation in this layer can be seen by looking at the time evolution of the HNO 3 mixing ratio (Figure 9c , black curve). As particles evaporate the HNO 3 mixing ratio increases, but at the time of the measurements when all particles have evaporated the Observations
All altitudes <22.5 km initial HNO 3 level is not recovered. This is due to particle sedimentation to lower levels. At this 22 km level an irreversible partial denitrification has occurred. The impact of chlorine activation on PSC particles leads to the irreversible HCl removal, which does not depend on particle sedimentation.
[54] To evaluate the impact of sedimentation on denitrification and renitrification processes, we performed two types of simulations. The first one considers in each layer a source of particles brought from higher altitudes and a loss of particles to lower altitudes by sedimentation (case with sedimentation shown with shaded dashed curve in Figure 9 ). The second type of simulation considers only the loss of particles to lower levels but no source from above (case without sedimentation with shaded solid curve in Figure 9 ). In the layer where the PSC was detected (20 km), the temperature falls below T NAT between roughly −35 and −20 h before the measurements and nucleation of particles takes place. The effect of sedimentation from higher levels can be seen very clearly on the predicted NAT particle surface area in the 20 km layer (Figure 9b ). When sedimentation from higher levels is not taken into account, small particles are formed at that time. They are too small to sediment. So at the very end of trajectories, when T increases, the particles evaporate and render the HNO 3 : There was a temporary denitrification. No NAT particles are predicted at the time of the measurements. In the case sedimentation from higher levels is taken into account, the particles falling from the upper levels can reach the layer 55 h before the measurements but grow only when T < T NAT (−35 h to −20 h). Before and after this time, they evaporate in this layer and release HNO 3 , which explains the small increase in HNO 3 between −55 and −35 h, and the large increase after −20 h. Some particles still remain at the time of the SPIRALE and STAC measurements. By comparison, when no sedimentation from the upper layers is taken into account, no HNO 3 increase is observed. The HCl profile (Figure 9d ) also shows a small difference if particles are brought from higher altitudes. HCl is removed due to heterogeneous chemistry and this removal is slightly greater if the sedimentation process is taken into account, resulting in a larger surface area for heterogeneous reactions.
Discussion
[55] Tests using several nucleation rates available in the literature have been performed using a spectral microphysical model coupled to chemical code. Whichever nucleation rate is considered, it is necessary to apply a temperature shift along the trajectories to form PSC particles. The best result with respect to microphysical and chemical properties of the sampled air parcels is obtained using a constant nucleation rate of 10 7 cm −3 s −1 . This is consistent with previous model studies by Drdla et al. [2003] . A compilation of different constant nucleation rates from different studies can be found also in the review by Lowe and MacKenzie [2008] . Values between 2.9 × 10 −6 and 25 × 10 −6 cm −3 h −1 in air volume were found to fit well with observations made during several winters. In our simulation, the value of the number nucleation rate of 10 7 cm −3 s −1 in liquid phase corresponds approximately to a volume nucleation rate of 3 × 10 −3 cm −3 h −1 in air. Thus, our value appears to be larger than the values summarized in the Lowe and MacKenzie [2008] review.
[56] Our study deals with a very specific case of PSC formation at high temperature very close to the NAT equilibrium temperature, whereas in the Drdla et al. [2003] study (winter 1999-2000) lower temperature conditions were encountered. These authors found that heterogeneous processes leading to NAT formation could explain the PSC observed during winter 1999-2000 as well as homogeneous ones. As homogeneous nucleation rates based on laboratory measurements often fail to explain the processes observed during polar winters, there is a debate to determine if the nucleation of NAT could be due to a heterogeneous mechanism rather than a homogeneous one [Lowe and MacKenzie, 2008] . In our case study, homogeneous processes do not seem to explain this PSC event. Although we cannot make a definite conclusion based on a single measurement case, our results seem to agree with the conclusion of Lowe and MacKenzie [2008] . Heterogeneous nucleation may explain the formation of particles in this particularly warm polar stratosphere.
[57] New observations could improve our understanding of NAT formation. For example, recent results from the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) spacecraft distinguished tenuous PSC mixtures containing low NAT number densities. Such mixtures were observed particularly in the low Antarctic stratosphere when the temperature was close to T NAT [Pitts et al., 2009] .
Conclusion
[58] The polar campaign involving the SPIRALE balloonborne instrument with the STAC instrument at Kiruna in January 2006 enabled us to measure simultaneously vertical profiles of O 3 , N 2 O, HNO 3 , and HCl mixing ratios and aerosols, with a very high vertical resolution of a few meters. Characteristic features of depletion linked to PSC formation were observed on the HCl and HNO 3 profiles. Correlation curves of N 2 O:HNO 3 and O 3 :HNO 3 have been calculated from the in situ measurements. The detailed analysis of these correlations enables us to characterize denitrification and renitrification layers at a small scale. The denitrification occurred from 22.5 km to 20.5 km. HCl depletion covers a larger layer from 17 to 22.5 km. The STAC instrument observed a thin layer of PSCs located at 20 km, below the HNO 3 depleted layer.
[59] A possible explanation of the observations is that PSCs were formed in the 22 km layer, depleting HNO 3 by condensation during their growth. Then sedimentation of particles occurred, leading to denitrification and at the time of measurement particles were observed at 20 km. At the time the measurements were made the temperature was increasing and the PSC at 22 km had evaporated. Thus, only a filament of PSC was detected at 20 km.
[60] Model investigations have been conducted to interpret such complex vertical structures. Using a coupled microphysical and chemical model, runs were carried out in order to test nucleation, growth, and sedimentation processes of PSC particles simultaneously with adsorption of HCl and denitrification and renitrification mechanisms. Air parcel histories were determined using two trajectory codes driven by different meteorological datasets. In terms of air parcel location, both calculations are in agreement but the temperature histories are different. The temperatures calculated with the Knudsen et al. [2001] and ECMWF data are lower than those calculated with the HYSPLIT model and the NCEP GDAS data. The temperatures measured by the payload are lower than those deduced from the trajectory calculations whichever data are used. We performed tests on the temperature along the trajectory required to initiate the nucleation of NAT particles in the denitrified layers. These tests have been made for several NAT nucleation rates discussed in the scientific literature [Salcedo et al., 2001; Tabazadeh et al., 2002; Möhler et al., 2006] . The best results however were obtained using a constant nucleation rate of J = 10 7 cm −3 s −1 . In this case the model predictions are consistent with the hypothesis of sedimentation of particles previously nucleated in the 22.5-20.5 km range, leading to a local denitrification at 22 km and a renitrification at 20 km. This value found for the NAT nucleation rate is in agreement with the study by Drdla et al. [2003] , but is above the usual constant nucleation rates used in other studies [Lowe and MacKenzie, 2008] . Heterogeneous nucleation, as previously discussed by Lowe and MacKenzie [2008] , may explain our observations. These results suggest that further investigations are still needed to settle the debate on the formation of NAT and NAD particles in the Arctic region regardless of polar stratosphere conditions, whether cold as in the study by Drdla et al. [2003] or warm as in our study.
